This study investigated the monthly variation of water quality in the Amman-Zarqa and Balqa regions in Jordan in terms of pH, ammonium, nitrate and conductivity. During 2004 there was no monthly variation in water quality for most of the tested parameters. All readings were above the accepted range except for pH, indicating that land use does have an impact on water quality irrespective of urban, industrial or agricultural usage. The water quality remained for the most part below the maximum levels for drinking standards in Jordan, but these standards are often below the WHO recommendations. The pH was found to fluctuate through the year. Nitrate levels were highly seasonal in irrigated lands but remained stable over basin covered by other land uses. Ammonium levels were high in areas of urbanisation and intensive animal husbandry as a consequence of effluent infiltration, peaking during the wet season due to increased infiltration. These results indicate that, over an annual cycle, the variation in water quality remains constant; however the continued drawdown of the aquifer system will inevitably lead to deterioration in the parameters investigated.
Introduction
The water crisis in Jordan is a major geopolitical issue that threatens the future and stability of the whole country. The Amman, Zarqa and Balqa regions supply irrigation water to an estimated 33,000 Ha, however, most of demand is for domestic and industrial water with the basin supplying over half of the population of Jordan with water [3] . Agricultural production in the basin is dominated by grazing, with only limited olive and fruit trees and the production of cereals near areas of permanent water.
Ground water quality has a major impact on human welfare and affects all human activity [7] . Understanding changes in ground water quality allows for effective management of water resources in the face of increasing pressures from urbanization, agricultural and industrial development [15] . However, Jordan is faced with a lack of funding to maintain monitoring which has resulted in fragmented data sets [13] . The utilisation of aquifers has led to severe lowering of the ground water table and this has changed the ground water chemistry [10] . The Amman, Zarqa and Balqa regions is renewable and draws water from areas of urban and industrial development and landfill sites and therefore is at significant risk of waste water infiltration pollution [1] .
Data from 2002 indicates that there was an unsustainable drawdown of ground water from the Amman-Zarqa Basin. In 2002 a total of 84 mcm year -1 was withdrawn from the aquifer for municipal supply, while 54 mcm year -1 was taken to supply the agricultural sector. This represents an excess of 72 mcm year -1 of water above the estimated safe yield of 65 mcm year -1 . This overdrawing from the 772 officially registered wells has led to a fall in the ground water table and declines in water quality [13] . Salameh [19] argued that the current drawdown of the aquifers has led to permanent damage of the hydrological system, and Al-Mahamid [4] argued that at current extraction rates areas in the middle of the basin will be completely dry in the next few decades. These findings were supported by Dottrige and Jaber [8] who argued that at current levels of extraction many of the aquifers dependent upon for urban and industrial supply will be dry by the middle of the twenty first century. The aim of this paper is to examine the water quality over an annual cycle in the Amman, Zarqa and Balqa regions under differing land use.
sedimentary with ages ranging from the lower Cretaceous to the present ( Table 1) . The major aquifers in the Amman-Zarqa Basin from which water is drawn are considered to be hydraulically connected, but maybe separated in regions by geological layers which act as aquicludes [9] .
There are three aquifer systems in the Amman-Zarqa Basin. There is evidence that water moves between the aquifers along the Zarqa fault system [4] . The upper aquifer is contained within the linked Campanian Amman (B2) and Turonian Wadi Sir (A7) limestone formations and the neighbouring basalt strata (V). The middle aquifer is contained within the Cenomanian Shue mar (A4) limestone formation. The lower aquifer is contained within the Albian-Aptian Kurnub (K) sandstone formation. Table 2 provides an overview of the hydrology and hydrochemistry of the three aquifers. The long term effects of drawdown has resulted in declines in the water table in all aquifers contained within the basin and this has led to an increase in the level of dissolved chemicals that are naturally occurring as a consequence of the surrounding geological formations of each aquifer [4] . As a consequence of the geological formations in which the aquifers are contained, calcium and magnesium are the dominant cations, while bicarbonate is the dominant anion [6] .
The rainfall over the Amman-Zarqa Basin is highly seasonal. Peak rainfall occurs during late autumn to early spring with summer receiving negligible to no rainfall reflected in the annual runoff (Figure 1) . The annual depth of rainfall over the basin is variable, ranging from 50 mm in the east to 1000 mm in the west; however the total annual rainfall for the region has declined over the last three decades by 25 -33 mm [4] . This has an impact on the total runoff potential and the water available for recharging of the aquifers within the basin. During the period of rainfall the B2/A7 aquifer is subjected to infiltration which then enters the connected A4 aquifer through fracture zones as the water flows north easterly down the Amman-Zarqa sincline [6] .
Description of Study Area
The Amman, Zarqa and Balqa regions cover an area of 1939 km 2 and are located in north eastern Jordan uplands and are between 500 -1000m in elevation with an annual precipitation of 150 to 600 mm year -1 [13, 17] . Figure 2 illustrates the study area and location of the study area within Jordan. The basin contains significant population and industrial production centres. Agriculture is primarily restricted to plains of the water courses with rangelands dominating the remainder. The sporadic distribution of population and industry, as well as the restriction of agriculture to the water courses has been that the spatial quality of the ground water is highly variable with aquifer systems [5] . 
Methods
The use of geographic information systems has proven to be an effective means of investigating spatial changes in water quality [7, 15] . The spatial data support system, Arc View GIS, provides the tools to allow the seasonal mapping of temporal changes in water quality parameters [16] . The use of mapping systems in conjunction with aerial images allows for a greater understanding of the potential impacts of land use on water quality.
Historical data for wells in the Amman, Zarqa and Balqa regions were obtained from the Jordan Water Authority. From these historical records on the water quality, 11 wells from the three regions representing each of the three major aquifers, and with significantly detailed monthly data for 2004, were selected for investigation ( Table 3) . From the records of these 11 wells the monthly recorded conductivity, ammonium, nitrate and pH were graphed to determine if seasonal variation in water quality parameters could be determined. A map of the Amman-Zarqa Basin was digitised using Arc Map 9.3 and the location of the 11 wells plotted. Rainfall data for the area surrounding the wells in 2004 was also mapped. The depth of the wells was also investigated to determine the geological formation that contained and surrounded the wells, and this enabled an understanding of the influence of the surrounding strata on the quality of the water contained in the aquifer.
Results
The wells represent areas of five primary land uses. The well AL1230 is located in an area of heavy industrial use Table 3 . Identification, location and land use of the wells and surrounding areas used in this study.
on the edge of a water course. The three wells AL1192, AL1898 and AL1899 are surrounded by residential areas; however there is a chicken farm nearby. The wells AL1254 and AL2715 are located on a small irrigation plain with a central water course surrounded by arid lands, while AL3505 is located in the nearby arid land. The three wells AL1318, AL1319 and AL2691 are all in light industrial with neighboring residential area, and are located near a water course, with AL1318 and AL1319 located in and around waste water treatment works. Figure 3 illustrates the aerial view of the wells and their surrounds.
This investigation also indicates that in areas of low development represented by AL 3505 and AL3506, there was a low level of nitrate contamination. These two wells draw water from the middle and lower aquifer systems indicating that there is a natural tendency for low nitrate levels from this supply in underdeveloped areas. One well, AL1254 had a high nitrate indicting infiltration and may represent the use of nitrate fertilisers on the irrigated plains on which the well was located. This infiltration diffused through the aquifers to which it is connected and the well nitrate level returned to that of all the study area for the upper and middle systems. The results also indicate that, while there is a peak in the pH of the wells in late spring and summer, however, there is little change throughout the year, with all wells having a pH between 7 to 8. The ammonium level was only significantly raised in the residential areas, with all industrial and agricultural wells demonstrating an annual low ammonium level. The ammonium level in the residential areas peaked during the onset of the rains, indicating that there is a possible flushing of sewerage down into the water table from the individual dwellings septic systems and the nearby chicken farm. The peak in conductivity during the period of peak rainfall indicates that the infiltration of water through the geological strata is carrying dissolved salts into the aquifers. 
pH
At present there is no considered risk to consumers from water pH levels, and therefore, no safe health guidelines [15] . However, the pH has significant impact on the operational water quality parameters with the World Health Organisation (WHO, 2004) recommending an optimum range of 6.5 -9.5. The Jordan Water Standard indicates that the permissible pH range is 6.5 -85 for drinking water [4, 11] . The maximum and minimum pH for the 11 wells in the Amman, Zarqa and Balqa regions investigated ranged from 6.84 to 8.06, respectively. This study determined that no well fell outside the operation water parameters of the WHO. Figure 4 illustrates the pH on a monthly basis for each of the wells investigated. The results indicate that there was a variation in the pH of the wells throughout the year of ~1.2 to ~0.63. Table 4 illustrates the maximum and minimum pH for each well and the month in which that level was reached. There is clear indication that water pH reaches a maximum during late spring to summer in all wells and with minimums reached in autumn, winter and early spring depending on the well. 
Nitrate
High nitrate levels can have significant negative health consequences [11] . The WHO guidelines indicate a maximum nitrate level of 50 mgL -1 for drinking water; however while the authorities in Jordan recognize a permissible target level of 50 mgL -1 , the national standards allow for a concentration of up to 70 mgL -1 , [4] . The maximum and minimum nitrate levels for the 11 wells in the Amman, Zarqa and Balqa regions investigated ranged from <0.16 mgL -1 to 75.88 mgL -1 , respectively. The results of the investigation into the 11 wells found that only two of the wells (AL3505, AL3506) did not have year round dangerous nitrate levels making the water fit for consumption in WHO terms, with one other well (AL1318) being safe for only one month. However, the Jordan maximum permissible level for nitrate was only exceeded significantly in areas of irrigation (AL1254). Notwithstanding, the urban areas also contain significantly high levels of nitrates in the immediate wells. Table 5 highlights the nitrate variation throughout the year for each of the wells investigated. These results indicate significant variation in nitrate concentration in each well on a monthly basis with no specific seasonal variation evidenced. 
Ammonium
The maximum and minimum ammonium (NH 4 ) levels for the 11 wells in the Amman, Zarqa and Balqa regions investigated ranged from < 0.05 mgL -1 to 4.2 mgL -1 respectively. Figure 6 illustrates the ammonium levels on a monthly basis for each of the wells investigated. The results indicate that there was a variation in the ammonium level within any one well throughout the year of ~0.05 mgL -1 to 3.41 mgL -1 . Table 6 highlights the ammonium variation throughout the year for each of the wells investigated. These results indicate that only three wells (AL1192, AL1898, and AL1899) showed significant variation in nitrate concentration with all the other wells having an ammonium level of below ~0.1 mgL -1 throughout the year. Ammonium levels tended to rise towards the end of each year with the first months showing the lowest concentrations; however, the three wells with significantly higher ammonium levels (AL1192, AL1898, AL1899) showed the reverse with higher concentration during the first three months of the year. 
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Conductivity
The maximum and minimum conductivity levels for the 11 wells in the Amman, Zarqa and Balqa regions investigated ranged from 790 µScm -1 to 3640 µScm -1 , respectively. Figure 7 illustrates the conductivity level on a monthly basis for each of the wells investigated. The results indicate that there was a variation in the conductivity within any one well throughout the year of 276 µScm -1 to 1935 µScm -1 . Table 7 highlights the monthly conductivity throughout the year for each of the wells investigated. These results indicate the early months of the year have the lowest conductivity; however this rises rapidly during May through June. These results also demonstrate that the conductivity within a well can change significant within any month with AL1192 showing a 145% rise in conductivity between the 4 th April and 27 th May. 
Discussion
This study confirmed waste effluent can have a significant negative impact on the water quality of the aquifers in the basin. However, this study indicates that the problem may come from urban areas with low sanitation infrastructure. Also, areas under irrigation can have a marked, localised and temporary effect on water quality. Infiltration is areas of underdevelopment have significant increase in the conductivity, particularly as the first flush from the rains moves through the profile. Notwithstanding all aquifers were determined to comply with the guidelines for maximum permissible standards for drinking water, except for the A2/B7 aquifer from which water is drawn has regions of conductivity which is outside these standards. It must be noted that the maximum permissible level for most water contaminants in Jordan often exceed the WHO recommendations [4] . During this study the pH of all wells remained within the permissible standards of the Jordanian water authority [4] . This study concluded that irrigation can have a significant impact on the nitrate level of the aquifer with nitrate levels shown to significantly exceed the maximal permissible levels [4] . Areas of high urban density also had higher nitrate levels which seasonally peaked at or just above the Jordan Governmental standards for the maximum permissible level, while lands which are grazed have the lowest nitrates [4] . The high ammonium content of AL1192, AL1898, and AL1899 is postulated to come from infiltration of the effluent from the chicken farm, indicating that ammonium contamination is highly dependent on land use. The conductivity was found to be lowest in the rangelands with irrigated, urban, and industrial lands showing the highest readings. This reflects the level of water use in each of these areas, indicating that drawdown has a negative impact on the conductivity of the water. This study confirms the results obtained in neighboring aquifer systems in Jordan that indicate that urbanization and industrialization, coupled with intensive agriculture, have a negative impact on water quality when compared to natural rangeland systems [2, 10] .
Many of the aquifer systems in Jordan are under threat from overexploitation and this unsustainable drawdown will lead to many systems becoming dry by 2030 to 2040 [8] .There is a need for increased monitoring throughout the Amman, Zarqa and Balqa regions over a long term in order to capture a more reliable image of the declines in water quality and regulate the water extraction or face the loss of the aquifer system [4, 13, 18] .
Conclusions
The aquifers within the Amman, Zarqa and Balqa regions are affected by irrigation, industrialisation and urbansiation. The increased drawdown of the aquifers has led to declines in the water quality over the long term. The monthly variations in water quality parameters are signifcantly affected by the rainfall which leads to infiltration of water that carries pollutants from anthropogenic sources and dissolved salts from the geological strata that the water moves through. The drawdown of the aqufers has led to a concentration of salts and other contaminants that would have previously been dispersed in a historical larger water volume.
